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partial  derivative  of  M with  respect  to  h,  pitching 
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ABSTRACT 


Captive  model  experiments  were  conducted  on  a high  length-to-beam 
surface  effect  ship  testcraft  design  to  determine  vertical  plane 
characteristics  and  to  evaluate  captive  model  experimental  techniques. 
Model  results  for  forced  heave  oscillation  and  pitch  oscillations,  and 
regular-wave  exciting  forces  and  moments  and  transient-waves  exciting 
forces  and  moments  are  reported.  The  effects  of  sidewalls  and  cushion 
pressure  variation  on  the  oscillation  results  are  identified,  j^e 
correlation  between  the  regular-wave,  and  transient-waves  techniques  for 
determining  the  excitation  is  shown. 

ADMINISTRATIVE  INFORMATION 

This  task  was  supported  by  the  fieneral  Hydromechanics  Research 
funding  for  FY  75  under  Work  Unit  Number  1-1572-128. 
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INTRODUCTION 


The  initial  objective  of  this  experimental  investigation  was  to  com- 
pare the  results  of  two  oscillation  techniques  which  could  be  applied  to 
surface  ship  models;  the  body-fixed  coordinate  system  approach  which  re- 
quires a planar-motion  mechanism  (PMM)  and  is  utilized  by  stabilitv  and  con- 
trol investigators,  and  the  free  surface-fixed  inertial  coordinate  system 
technique  employed  by  seekeeping  investigators  using  a sinole  strut  pitch- 
heave  oscillator  or  PMM. 

These  two  oscillator  techniques  should  provide  derivatives  that 
are  equivalent  when  a coordinate  transformation  is  imposed.  Establishing 
this  equivalence  would  allow  one  experiment  to  provide  information  for 
both  applications  if  the  frequency  range  was  appropriately  chosen.  Al- 
though the  results  from  body-fixed  axis  defined  pitching  were  inconsis- 
tent in  this  case,  it  is  shown  that  the  seakeeping  pitch-heave  oscillator 
approach  can  provide  all  the  pertinent  information  for  stability  inves- 
tigations. 

A surface  effect  ship  (SES)  model,  in  particular,  the  high  length- 
to-beam  ratio  SES  model  (designated  as  XR-5)  was  chosen  because  no  in- 
formation on  vertical  plane  coefficients  was  available  on  any  SES. 

In  retrospect,  the  use  of  an  SES  model  may  have  added  to  the  com- 
plexity of  the  experiment,  making  conclusive  results  about  the  oscilla- 
tion techniques  more  elusive.  However,  the  opportunity  to  test  the  XR-5 
in  a captive  condition  provided  data  in  two  related  areas  that  are  re- 
ported herein.  One  was  the  determination  of  the  sidewall  contribution 
to  the  overall  stability  derivatives  and  the  other  was  the  acquisition  of 
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wave  excitation  forces  and  noments  in  head  seas  by  both  regular  wave  and 
transient-waves  techniques.  This  last  effort  permitted  the  development 
of  a computer  simulation  of  craft  motions  in  head  seas  that  could  be 
compared  to  free  model  results.  The  transient  waves  technique  was 
applied  to  wave  excitation  force  determination  (for  the  first  time  to  the 
authors'  knowledge)  and  produced  results  that  agreed  very  well  with  the 
regular  wave  results. 

This  report  contains  a description  of  the  model,  a discussion  of 
the  various  experiment  techniques  and  apparatus,  a treatment  of  the  data 
analysis  techniques  including  the  coordinate  system  effects,  a presenta- 
tion of  the  results  and  pertinent  recommendations  and  conclusions. 

DESCRIPTION  OF  MODEL 

The  model  was  a one-third  scale  version  of  a 40-foot  manned  XR-5 
testcraft.  The  XR-5  was  designed  at  the  David  W.  Taylor  Naval  Ship 
Research  and  Development  Center  (DTNSRDC)  and  has  been  involved  in  trials 
at  Patuxent  Naval  Air  Station  to  prove  the  feasibility  of  the  concept 
and  perhaps  lead  to  laroer  size  designs.  The  full  scale  craft  size  and 
mission  was  not  of  importance  for  the  experiment  described  herein,  since 
its  purpose  was  to  evaluate  experimental  techniques  for  SES  craft  in 
general . 

The  model  configuration  is  shown  in  Figure  1 and  model  character- 
istics are  given  in  Table  1.  The  model  was  constructed  of  polyurethane 
foam  reinforced  with  a coating  of  fiberglass.  The  bow  and  stern  seals 
were  semi-rigid,  three-lobed  and  of  the  semi-planinq  type  and  were 
inflated  directly  from  stacked  axial  flow  fans.  The  cushion  was  fed 
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through  ducts  from  the  seals,  shown  in  Figure  1,  and  directly  from  up 
to  eight  fans  located  in  the  main  plenum.  The  fan  configuration  was 
designated  by  the  number  of  fans  operating  in  the  bow,  main  section, 
and  the  stern  respectively;  i.e.  2-3-2  meant  two  fans  in  each  seal 
with  three  plenum  fans  operating.  Fans  not  in  use  had  cover  plates  to 
prevent  loss  of  air  through  them.  Fans  could  operate  at  only  one  speed, 
20,000  rpm.  Duct  settings  were  chosen  to  correspond  to  those  used  in 
Reference  1,  so  that  the  model  configuration  would  be  the  same  as  that 
used  in  the  most  recent  motions  experiments. 

Each  seal  height  was  regulated  by  two  sets  of  cables  that  maintained 
a maximum  downstop  position.  The  downstop  position  could  be  modified 
by  using  shims  to  adjust  the  length  of  the  cables. 

The  model  sidewalls  had  a 45  degree  deadrise  angle.  The  model 
was  not  powered  or  capable  of  self  propulsion,  though  the  manned  test- 
craft  had  two  outboard  motors  for  powering. 

DESCRIPTION  OF  EXPERIMENTAL  APPARATUS 
This  experiment  was  designed  so  that  both  the  captive  model 
oscillation  runs  and  the  captive  model  wave  excitation  runs  could  be 
made  without  changing  the  model  towing  apparatus.  The  facility  chosen 
was  the  Center's  Deep  Water  Basin  (Carriage  II).  This  tank  permitted 
the  required  speed  of  12  knots  and  has  the  depth  and  width  necessary  to 
avoid  interference  effects.  In  addition,  the  wavemaker  in  this  tank 
was  suitable  for  producing  good  regular  and  transient  waves  at  those 
frequenies  and  amplitudes  of  interest. 
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The  tow  rig  and  oscillator  selected  was  the  DTNSRDC  Planar-Motion- 
Mechanism  Mark  I;  a two  strut  sinusoidal  oscillator  with  a fixed  ampli- 
tude and  three  fixed  frequencies,  but  variable  phase  between  the  struts. 
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This  device  was  chosen  because  it  allowed  for  the  examination  of  the 
pitching  motion  in  both  the  body  axes  and  fixed  axes  systems  with  the 
same  set-up,  though  only  at  three  discrete  frequencies.  The  amplitude 
was  chosen  to  assure  that  linearity  was  preserved  in  the  oscillation 
experiments.  A complete  description  of  the  oscillator  is  given  in 
Reference  2. 

The  block  gage  arrangement  shown  in  Figure  1 allowed  for  the  struts 
to  be  placed  equidistant  from  the  design  longitudinal  CG.  The  model 
was  ballasted  to  this  CG  location  thus  eliminating  some  inertial  terms 
in  the  analysis  equations.  The  weight  of  the  instrumented  model  exceed- 
ed the  design  weight,  but  this  effect  could  be  removed  from  the  data. 

Each  gage  assembly  consisted  of  two  four-inch  block  gages:  one 

oriented  to  measure  the  axial  force  and  the  other  oriented  to  measure 
the  vertical  force.  The  pitch  pivots  were  located  at  the  base  of  the 
struts  which  enabled  a pitch  moment  to  be  measured  based  on  the  dif- 
ference between  the  two  vertical  force  readings  and  referer'td  about  a 
point  half  way  between  the  struts. 

The  planar-motion-mechanism  was  mounted  on  the  vertical  rails  on 
the  east  end  of  Carriage  II  with  the  model  heading  west;  i.e.  toward 
the  wavemaker. 

In  addition  to  the  block  gages,  the  model  instrumentation  included 
a potentiometer  located  on  each  strut,  and  two  pressure  transducers  of 
the  Endevco  type;  one  to  measure  the  bow  seal  pressure,  the  other  to 
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I monitor  cushion  pressure  amidships.  Wave  height  was  measured  by  an 

( ultrasonic  probe  located  well  in  front  of  the  model. 

l 
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EXPERIMENTAL  PROCEDURES 

The  experiments  consisted  of  heaving  oscillations,  inertially 
defined  pitch  oscillations,  body  axes  defined  pitch  oscillations, 
regular-wave  excitations  and  transient-wave  excitation.  In  addition, 
the  model  was  towed  at  various  heave  heights  and  trim  angles  to  obtain 
the  static  and  restoring  coefficients  and  to  determine  the  proper  flying 
height  for  the  dynamic  experiments. 

h Statics 

The  model  was  set  to  the  specified  trim  by  deflecting  the  tilt  table, 
and  the  block  gages  were  zeroed  with  the  model  fully  out  of  the  water. 

The  model  was  then  lowered  down  the  vertical  rails  to  the  spetified 
height  and  the  fans  were  actuated.  With  fans  running  and  the  carriage 
standing  still,  a data  reading  was  taken.  The  carriage  was  then  started 
and  another  data  record  was  taken  at  the  proper  speed.  The  heave  position 
for  each  speed  for  the  remaining  experiments  was  determined  by  finding 

I 

the  point  where  the  cushion  and  sidewalls  were  generating  a vertical 

. ■m 

r ~ force  egual  to  the  design  weight.  The  trim  conditions  were  based  on 

the  values  from  free-to-trim  model  experiments. 

Osci  nations 

The  oscillations,  (essentially  sinusoidal  perturbations  in  heave  and 
in  pitch)  were  conducted  about  the  equilibrium  conditions.  For  heave,  the 
two  oscillation  techniques  were  equivalent  in  that  both  struts  moved  in 
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unison.  The  heaving  oscillation  was  conducted  at  all  three  set  frequencies 
for  the  test  conditions.  The  model  was  oscillated  in  air  and  on  the  sur- 
face at  three  forward  speeds.  The  2-0-2  fan  configuration  was  evaluated 
at  all  speeds  while  the  2-3-2  fan  configuration  was  evaluated  only  at  12  knots 

At  9 knots,  the  model  was  oscillated  in  heave  about  the  mean  heave 
level  with  the  fans  off  and  seals  taped  up  so  that  sidewall  effects 
could  be  identified. 

The  pitching  oscillation,  defined  with  respect  to  axes  fixed  in 
the  water  surface  and  referred  to  as  inertial  pitching,  consisted  of  a 180 
degree  phase  lag  of  the  stern  strut  with  respect  to  the  bow  strut  so  that 

the  bow  and  stern  vertical  movements  always  opposed  each  other.  This 
motion  was  not  dependent  on  model  speed  as  the  coordinate  system  was 
unaffected  by  the  motion,  which  was  not  the  case  for  the  body  fixed 
axes  system.  Inertial  pitching  oscillations  were  conducted  for  all  the 
conditions  where  heaving  oscillations  were  also  conducted. 

The  body-fixed  axes  pitching  motion  required  that  the  model  angle  of 
attack,  as  defined  in  body  axes,  equal  zero;  i.e.  that  the  model's 
longitudinal  axis  always  be  tangent  to  the  path  of  the  CG.  This  condition 
was  met  when  there  was  a phase  angle  between  the  struts  derived 
from  the  expression; 

tan^^  = ^ where  x is  the  strut  spacing  f | ) 

When  U=0  this  reduced  to  <t  s = 180  degrees,  which  agreed  with  the  inertial 
pitching  motion. 

The  body  axes  pitching  motion  definition  had  been  utilized  in  the 
Submarine  area  and  as  body-axes  yawing  for  horizontal  plane  motions 
(maneuvering)  of  ships  where  the  equations  of  motion  were  written  in 
body- fixed  axes. 
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The  water-fixed  axes  definition  had  been  utilized  for  vertical  plane 
behavior  (seakeeping)  of  surface  ships  where  an  inertial  frame  is  assumed. 
As  shown  in  the  section  on  analysis  of  results,  the  pitching  forces  and 
moments  in  either  coordinate  system  could  be  reported  in  terms  of  the 
other  with  an  appropriate  correction  that  depended  on  the  heaving  and 
statics  results.  The  objective  of  this  effort  was  to  see  whether  the 
two  oscillation  techniques  actually  produced  the  same  numerical  values 
when  appropriate  corrections  were  made. 

Wave  Excitations 

For  the  wave  excitation  experiments,  the  model  was  held  captive  at  its 
equilibrium  attitude  while  towed  through  waves,  and  the  resultant  forces 
and  moments  were  measured.  These  results  would  be  applicable  to  head 
seakeeping  analyses  on  the  assumption  that  a linear  response  of  the  model 
was  achieved  within  the  range  of  experimental  results.  This  assumption 
may  not  be  valid  for  all  designs. 

The  regular  waves  were  generated  with  periods  ranging  from  1.25 
seconds  to  3.4  seconds  and  an  approximate  double  amplitude  of  3 inches 
(0.076  meters).  The  frequency  range  was  chosen  to  give  a realistic  selec- 
tion of  wave  lengths  within  the  limits  of  the  wavemaker.  The  double  am- 
plitude of  3 inches  gave  a measurable  signal  without  violating  linearity. 

The  transient  wave  technique  was  first  developed  in  Reference  3 
where  it  was  applied  to  the  motions  of  conventional  displacement  ships. 

The  transient  wave  packet  contained  energy  at  all  the  pertinent  frequen- 
cies so  that  a full  range  of  motion  response  resulted  when  the  non-captive 
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model  passed  through  the  wave  during  a single  pass  down  the  basin.  The 
transient  technique  was  proposed  to  replace  regular  wave  experiments  for 
the  determination  of  motions  and  good  correlation  was  shown.  In  a like 
manner  the  sinusoidal,  linearly  varying  transient  wave  developed  in 
Reference  3 and  Reference  4 was  applied  in  the  wave  excitation  force  and 
moment  problem.  The  reasoning  in  favor  of  its  use  in  the  present  case  was 
the  reduction  of  time  involved  in  testing  since  one  transient  wave  run  could 
replace  up  to  twenty  regular  wave  experiments. 

The  use  of  a captive  model  avoided  some  problems  encountered  in  free 
model  transient  wave  work.  The  electrical  transducers  of  the  block  gages 
are  excited  at  400  cycles  per  second  and  thus  respond  to  the  changing  wave 
frequencies  much  faster  than  a free  model  where  bearing  friction  can  limit 
response  at  high  frequencies.  This  allowed  testing  at  Froude  numbers  close 
to  1.0  where  the  encounter  frequency  approached  four  cycles  per  second. 

It  is  doubtful  that  a free  model  of  the  XR-5  would  have  accurately 
responded  to  the  transient  waves  at  these  high  frequencies  of  encounter. 

At  the  high  speeds  examined  in  this  experiment,  there  was  no  indica- 
tion that  the  model -generated  wave  would  have  affected  the  measured  wave 
amplitude  as  had  been  noted  in  earlier  investigations.  The  generated  trans- 
ient waves  coalesced  within  100  feet  of  the  wavemaker  in  the  Deep-Water  Basin 
and  consequently  encountered  the  model  after  peaking.  The  peaks  were  not 
too  pronounced  and  the  encountered  wave  did  not  show  signs  of  distortion. 

Runs  had  to  be  timed  carefully  to  include  all  the  waves  during  the  pass 
at  speed.  Figure  2 shows  the  quality  of  the  transient  waves  and  the  range  of 
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wave  frequencies  included  in  the  data  run.  The  figure  shows  that  the 
change  of  frequency  does  not  affect  amplitude  except  at  two  points. 

The  transient  technique  seemed  well  suited  to  the  measurement  of 
excitation  forces  and  moments.  Its  use  for  this  purpose  did  not  violate 
any  of  the  linear  system  assumptions  made  by  Reference  3 in  deriving  the 
transient  approach. 

ANALYSIS  OF  DATA 

The  data  analysis  benefited  greatly  from  the  use  of  the  Interdata 
computer  during  the  test.  The  computer  processed  the  data  and  produced 
the  basic  printouts,  a sample  of  which  is  shown  as  Figure  3.  For  each 
run,  the  printout  included  a display  of  the  main  parameters  speed  and 
frequency  of  encounter.  For  each  channel,  the  printout  provided  the  mean 
value  and  an  index  of  scatter  of  the  data,  as  well  as  the  in-phase  and 
out-of-phase  components  and  the  amplitude  and  phase  of  each  channel.  In 
addition  to  showing  processed  results  for  individual  force  gages  the 
printout  included  results  for  computed  total  forces  and  moments. 

The  pressures  and  strut  displacements  were  also  tabulated  in  this 
useful  form.  Only  the  transient  wave  results  required  additional  after- 
test analysis  (an  on-carriage  capability  in  this  area  has  recently  been 
developed  as  wel 1 ) . 

Statics 

The  statics  data  consisted  of  the  mean  of  the  measured  forces  and 
moments.  The  derivatives,  with  respect  to  static  pitch  angle  and  heave 
displacement,  were  determined  by  testing  at  off-equilibrium  conditions 
and  determining  the  slope  of  the  force  curves  about  the  equilbrium  pitch 
and  heave  positions.  Data  was  corrected  to  the  proper  CG  location  (which 


was  below  the  midpoint  between  the  pitch  pivots).  Static  runs  in  air 
demonstrated  that  the  aerodynamic  tares  were  negligible. 

Osci 1 lati ons 

In  considering  the  oscillation  results,  the  two  coordinate  systems 
had  to  be  considered:  the  body-fixed  axes  system  (x.y.z),  and  the  iner- 

tial (water-surface-fixed)  axes  system  (x',y',z').  The  positive  directions 
of  these  coordinates  are  given  in  Figure  1. 

Given  that  0 is  body  axes  pitch  angle,  w is  body  axes  heave  velo- 
city, and  V is  constant,  the  systems  are  connected  by  the  relations: 
h = w - OU 

and  .....  (2) 

h'  = w GU 

for  small  oscillations  where  the  "dot"  denotes  a time  derivative. 

The  heaving  oscillations  were  analyzed  by  converting  the  sinusoidal 
force  output  into  components  that  are  in-phase  or  180  degrees  out-of-phase 
with  the  motion.  This  approach  is  described  fully  in  References  5 and  6. 

If  the  'pure'  heave  motion  is  given  by: 

h = hg  sinoit,  (3) 

where  hg  is  the  heave  amplitude,  positive  in  the  positive  z-direction. 

Then , 

h = uihg  cosojt  = w,  heave  velocity,  and  (4) 

2 
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the  total  heave  force  Z is  given  by: 

T.I  = Zsin  (tot  - t) 

(6) 

= -Z^sintot  + Z2COStot, 

where  <t>  is  the  phase  angle  (lead  or  lag)  of  the  force  and  given  the 
definitions: 


Z^  = -Zcos<f  (in-phase),  and 
Z^  = -Zsin't  (out-of-phase) 

There  is  a similar  definition  for  pitch  moment  M, 
ItM  = Ms  in  (lot  -<I>  ) 


(7) 

A 

with  magnitude  M: 

(8) 


= -(-Mcost>)sin(ot  + (-Msin<I>)  cosuit 
= -M^  sinwt  + M^  cosiot 

The  equations  of  motion  for  the  heave  dependent  forces  are  given 
terms  of  the  Taylor  series  coefficients  as  follows: 


in 


y.Z  = Z.  h + Z w + (Z-  - m)w  and 
h w w 

= M.  h + M w + M-w, 
h w w 


(9) 


and  the  coefficients  (also  called  stability  derivatives)  can  be  calculated 

from  the  equations  by  separating  the  sine  and  cosine  terms  to  obtain: 

= -Z.h^  + (Z.  - m)w^h„, 

1 how  '0 


h 

2 

M,  = -M.  h + M-w  h , and 

1 ho  wo 

M-  = M wh  . 

2 wo 


(10) 


Equations  (10)  can  be  put  into  a useful  form  for  each  calculation  by 
plotting  the  quantities  Z^ , Z^  M^ , M^  as  shown  in  Figure  4.  This  results 
in  a simple  graphical  technique  for  interpreting  oscillator  results  for 
surface  models  that  was  proposed  by  Magnuson  in  1967  in  a similar  form. 
Figure  4 illustrates  the  approach  but  does  not  indicate  the  expected 
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directions  of  the  data.  The  major  difficulty  with  this  approach  is  that 
frequency  dependence  of  the  dynamic  derivatives  is  not  considered.  In 
this  experiment,  there  was  not  enough  data  to  determine  frequency  depen- 
dence . 

In  order  to  analyze  the  data  obtained  in  the  inertial  pitching  motion 
in  terms  of  stability  derivatives  defined  in  the  body  fixed  axes,  the  cou- 
pled equations  of  motion  in  pitch  and  heave  must  be  considered; 

LI  = z^h  + Zg0  + + (Zg  + mU)0  + (Z^  - m)w  + Zg0  and 

ZM  = M^h  + M 0 + M w + Ml0  + M-w  + (MA‘  - I )0  (11) 

h 0 W 0 W U y'  '‘I 

In  body  axes  terms  inertial  pitching  implies  that  h=0  at  the  reference 
point,  and  (fore  positive  bow  up) 

0=0  sin-ot 

0 

6 = q =u)0^cosci)t  (12) 

2 

6"  = q = -w  0 sinwt 
0 

There  is  an  angle  of  attack  present  with  respect  to  the  body  axes 
from  equation  (2)  so: 

w =0U  = (0^sinwt)U  and 

w = 0U  = (wOpCOSwt)U.  (13) 

Combining  (11),  and  (12),  and  (13): 

ZZ  = Zg(O^sinujt)  + Z^(OpSin<,)t)U  + (Z^  + mil)  (cjO^cosojt) 

(wOpCOSait)!!  - Z^  (oj^O^sinwt)  (14) 

ZM  = M_(0  sinwt)  + M (O  sin(,it)U  + M (oiO  coswt)  + M-(wO  coswt)U 

vixO  wo  QO  WO 

- (M^  - ly)  (w^OpSinwt) 

Recalling  (6)  and  (8)  and  taking  the  sine  and  cosine  parts  separately: 


i 
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■ -<^0  * ‘'o- 

h - 

M,  = -(M„  ♦ UH  )0  * (N-  - 1 )u  0_  and 

1 0 w o q y 0 

M„  = (M  + M-U)u)0„ 

2 q w 0 


(15) 


Equations  (15)  can  be  represented  graphically  as  in  Figure  5 which 
presents  a simplified  form,  but  not  the  likely  trends  in  the  data. 

The  body-axes  pitching  definition  introduces  a variable  phase  angle 
between  the  struts  that  sets  w and  w equal  to  zero.  From  (2); 

h = -6u, 

h = -6u,  and  given  that 

h = . (16) 


This  leads  to  the  phase  angle  condition  on  the  struts  given  in  Equa 
tion  (1).  Substituting  into  Equation  (11)  and  following  through,  gives 
the  equations  for  reduction  of  the  data  that  are  indicated  graphically  i 
Figure  6.  Unfortunately,  this  technique  did  not  produce  results  that 
could  be  compared  with  the  inertial  pitching.  The  results  were  very 
scattered,  not  repeatable,  and  the  static  intercept  values  did  not 
check  with  those  obtained  from  the  statics.  One  reason  for  this  can  be 
seen  from  the  equations  which  show  that  the  CG  moves  with  respect  to  the 
water  surface  during  the  body  axis  pitching.  This  heave  produced 
large  buoyancy  forces  that  would  tend  to  dominate  the  rate  and  acceler- 
ation effects.  Thus  the  terms  one  is  trying  to  identify  are  clouded  by 
what  is  essentially  a static  tare.  This  leads  to  the  scatter  and  error 
found  when  applying  this  approach  to  surface  craft. 

The  inertial  pitching  technique  was  not  subject  to  these  difficul- 
ties. Contributions  due  to  inertial  heave  were  added  to  the  data  in 
Equation  (15)  (a  relatively  clean  process)  in  order  to  obtain  the  body- 
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axis  pitching  terms.  The  magnitude  of  the  measured  terms  and  the  correc- 
tion terms  could  thus  be  monitored  and  compared.  For  these  reasons  the 
inertial  pitching  technique  used  by  seakeeping  investigators  seemed 
readily  adaptable  to  the  calculation  of  body-axes  stability  derivatives. 
The  body-axes  approach  used  for  submarines,  on  the  other  hand,  seemed 
ill-suited  to  surface  ship  work,  although  more  extensive  investigations 
with  other  types  of  models  should  be  undertaken  to  verify  this  state- 
ment. 

Wave  Excitation 

The  regular  wave  excitation  forces  and  moments  in  the  vertical  plane 
were  recorded  on  digital  tape  for  analysis  on  the  carriage  by  the  Inter- 
data. The  data  format  was  similar  to  that  for  the  oscillation  experi- 
ments and  is  shown  on  the  sample  data  sheet  in  Figure  7.  The  wave  height 
was  measured  forward  of  the  model  but  corrected  to  the  model  LCG  for  the 
analysis  of  the  phase  relationships.  The  wave  height  channel  was  channel 
2 listed  as  'Reference'  in  Figure  7. 

The  quantities  that  were  of  interest  were  the  amplitude  and  phase  of 
the  vertical  force  and  pitching  moment.  It  is  important  to  note  that  the 
gage  polarities  were  not  changed  from  the  oscillation  test  so  that  down 
directed  force  was  still  positive.  Wave  height  was  positive  upward, 
which  led  to  a 180  degree  phase  angle  between  heave  force  and  wave  height 
as  frequency  went  to  zero.  Pitch  moment  phase  angle  approached  270 
degrees  in  the  zero  frequency  limit  as  expected. 

The  force  and  moment  amplitude  and  frequency  were  nondimensional i zed 
by  wave  height  according  to  the  standard  format: 
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h-nrg 

=~ — and  (17) 

h -nr  g 

where  F and  M are  the  force  and  moment  amplitudes  respectively. 

The  transient  wave  data  were  analyzed  after  the  experiment  by  the 
PSHAFT  program  transient  wave  option  which  was  developed  by  earlier 
investigators.  The  frequency  content  of  the  measured  quantities  was  Four 
ier  analyzed  for  the  full  frequency  range  contained  in  the  waves.  The 
analysis  process  attempted  to  extract  the  maximum  data  from  the  tran- 
sient wave  runs,  however,  as  the  frequency  was  changing  rapidly  some 
scatter  was  evident.  The  quantities  of  interest  were  then  nondimension- 
alized  by  the  format  above  with  the  wave  height  for  each  frequency  used 
to  nondimensionalize  that  data  point.  This  process  tended  to  exaggerate 
the  scatter  in  the  data. 


RESULTS 

The  statics  and  oscillation  results  are  presented  in  Appendix  A in 
dimensional  form.  The  wave  excitation  forces  and  moments  are  presented 
in  Appendix  B in  the  nondimensional  form  described  earlier. 

Static  Experiments 

The  statics  values  are  presented  in  Figures  8 and  9.  Figure  8 
gives  the  variation  of  the  equilibrium  heave  height  for  design  displace- 
ment with  angle  attack  for  the  speeds  and  fan  configurations  that  were 
investigated.  It  is  interesting  to  note  that  the  height  variation  shows 
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great  differences  between  standstill  and  underway  speeds.  In  this  case, 
heave  was  positive  down  to  agree  with  the  chosen  coordinate  systems.  Zero 
heave  represented  the  point  where  the  sidewall  amidships  was  just  touching 
the  water.  It  can  be  noted  that  the  model  rode  higher  (lower  h value)  for 
the  2-3-2  fan  configuration  as  was  expected.  As  the  speed  became  greater, 
dynamic  effects  on  the  sidewalls  and  seals  increased  in  importance;  thus 
the  slopes  of  the  curves  became  more  negative. 

The  variation  of  pitch  moment  with  angle  of  attack  is  given  in  Fig- 
ure 9.  The  curves  all  show  a strong  restoring  tendency  indicating  pos- 
itive static  pitch  stability.  The  amount  of  stability  does  not  change 
appreciably  with  speed. 

Oscillation  Experiments 

Oscillation  experiments  were  conducted  at  6,  9,  and  12  knots  for  the 
2-0-2  fan  configuration  and  at  12  knots  for  the  2-3-2  fan  configuration. 

So  that  sidewall  contributions  to  the  stability  derivatives  could  be 
determined,  oscillations  were  made  at  9 knots  with  the  fans  off  and 
seals  taped. 

Tables  2 and  3 contain  the  dimensional  values  of  the  stability 
derivatives  obtained  from  the  heaving  and  inertial  pitching  oscillation 
techniques,  utilizing  the  data  analysis  approach  described  in  this  re- 
port. 

The  sidewall-only  oscillations  are  given  in  Figures  10  through  17. 

To  simplify  comparisons,  the  model  was  placed  at  the  equilibrium  trim 
and  heave  appropriate  for  9 knots  at  the  2-0-2  fan  configuration.  The 
data  show  good  repeatability  and  not  much  scatter.  The  lines  for  deter- 
mining derivatives  go  through  almost  all  the  points.  The  derivatives 
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for  the  sidewalls  should  behave  like  a surface  ship  since  the  cushion 
effects  were  not  present.  The  terms  are  consistent  with  that  expected 
for  a surface  ship.  The  and  buoyancy  terms  are  large  and  negative. 


The  and  (damping  terms),  are  negative  which  irdicate  positive 
damping.  The  (added  moment  of  inertia),  is  positive  which  is  unusual 
but  it  is  small  compared  to  I^.  There  was  no  body  axes  pitching  conducted 
for  the  sidewalls  alone. 


The  results  of  the  2-0-2  fan  configuration  oscillations  are  given  in 
Figures  18  through  25.  Figures  18,  19,  20  and  21  represent  the  results 
for  heaving  oscillations.  The  data  is  consistent  for  the  three  frequen- 
cies, but  the  limited  number  of  frequencies  makes  the  determination  of 
slope  and  intercept  very  difficult.  Large  errors  can  result  from  one  or 
two  bad  points  or  scatter.  Figure  20,  for  6 knots,  illustrates  these 
problems,  showing  that  any  curve  fit  is  a compromise.  In  Figures  16  and 
18,  the  intercepts  agree  for  the  most  part  with  the  static  results  for 
Z^  and  giving  reasonable  confidence  in  the  data. 

Figures  22,  23,  24,  and  25  are  from  inertial  pitch  oscillations. 

The  data  shows  an  increase  in  inconsistency.  The  three  points  do  not 
form  good  lines  in  some  cases,  particularly  for  the  damping  data  in 
Figures  23  and  25.  The  data  variations  may  be  caused  by  frequency 
effects;  however,  there  is  not  enough  data  to  show  trends.  This  incon- 
sistency reveals  the  need  for  testing  at  many  more  frequencies,  which 
can  be  done  with  the  single  strut  pitch-heave  oscillator. 

The  linear  derivatives  given  in  Table  2 are  the  result  of  the 
extrapolation  and  curve  fit  process.  For  the  2-0-2  fan  configuration 
there  are  results  at  three  speeds  and  the  effect  of  speed  can  be  ascer- 
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tained.  As  would  be  expected,  the  primary  buoyancy  terms  and 
as  well  as  are  not  much  affected  by  speed.  does  not  increase  with 
speed  which  probably  reflects  the  planing  characteristics  of  the  seals 
thus  increasing  this  coupled  stiffness  at  the  higher  speeds.  The  term 
Z^  is  positive  at  all  speeds  (indicating  negative  added  mass),  and  becomes 
less  positive  at  higher  speeds.  The  heave  damping  terms  are  speed  depen- 
dent in  their  dimensional  form.  The  "added  moment  of  inertia"  term,  M-,  is 

q 

initially  negative  at  6 knots  but  becomes  positive  at  higher  speeds.  The 
pitch  damping  and  coupling  terms  vary  nonlinearly  with  speed.  The  changes 
with  speed  are  to  be  expected  as  the  Froude  number  is  approaching  a value 
of  one  and  the  flow  is  changing  substantially  as  speed  increases. 

A comparison  between  the  sidewall  derivatives  and  the  9 knot  deriva- 
tives for  the  2-0-2  fan  configuration  is  revealing.  As  might  be  expected, 
the  buoyancy  terms  are  larger  when  the  fans  are  operating.  The  Z^  changes 
sign  and  becomes  positive  with  a larger  magnitude  when  cushion  effects 
are  included.  The  heave  damping  terms  Z^  and  increase  greatly  in 
magnitude.  The  M-  also  increases  but  the  coupling  terms  Z-  and  M-  remain 
about  the  same.  The  pitch  damping  terms  Z^  and  increase  when  the  fans 
operate  but  not  as  much  as  the  heave  terms  do.  It  is  apparent  that  the 
sidewall  dynamics  for  this  surface  effect  ship  influence  pitch  dynamics 
strongly  but  are  not  as  important  in  considering  heave  dynamics.  This 
suggests  that  a math  model  which  based  its  pitch-heave  predictions  on 
sidewall  effects  would  be  fairly  good  for  pitch  but  very  poor  for  heave. 
Thus  the  effect  of  sidewall  design  on  craft  vertical  plane  dynamics  should 
be  investigated  more  thoroughly  and  the  cushion-water  surface  interactions 


with  the  sidewalls  should  be  emphasized  in  future  math  model  developments. 
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The  results  of  the  2-3-2  fan  configuration  heaving  oscillations  at 
12  knots  are  given  in  Figures  26,  27,  28,  and  29.  The  data  is  fairly 
good,  but  substantial  scatter  existed  at  the  low  frequencies.  Since 
there  was  more  cushion  air  flow,  the  forces  being  measured  were  higher 
for  the  most  part  than  in  the  other  oscillation  experiments.  The  com- 
parison of  the  2-3-2  fan  configuration  results  with  the  12  knot  2-0-2 
results  reveals  that  "added  mass"  was  increased,  becoming  considerably 
more  positive  (negative  added  mass  effect)  when  the  three  plenum  fans 

were  added.  M also  increased  in  magnitude  but  the  other  terms  did 
w 

not  change  much.  Thus  the  plenum  fans  influenced  the  acceleration 
dependent  terms  but  not  the  rate  dependent  heave  terms. 

Wave  Excitation  Experiment 

The  results  of  the  wave  excitation  experiments  are  presented  in 
nondimensional  form  in  Appendix  B.  Regular  wave  excitation  data  was 
obtained  at  two  speeds,  9 and  12  knots.  The  transient  technique  was 
applied  at  6,  9,  and  12  knots. 

The  6 knot  transient  results  are  given  in  Figures  30  to  33  where 
heave  exciting  force,  heave  phase  angle,  pitch  exciting  moment  and 
pitch  phase  angle  are  presented.  The  quantities  are  plotted  aqainst 
fr  nondimensional ized  encounter  frequency.  The  results  for  6 knots  are 

consistent  with  the  exception  of  the  pitch  exciting  moment.  Figure  32. 
Even  this  figure  indicates  the  data  trends  clearly.  The  heave-exciting 
force  is  fairly  constant  with  the  heave  phase  angle,  approaching  180° 
as  it  should  for  zero  frequency  and  the  current  sign  convention.  Pitch 
exciting  moment  seems  to  have  a null  point  at  about  = 4.5. 

Confidence  in  the  accuracy  of  the  transient  wave  data  is  enhanced  by 
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the  good  correlation  with  regular  wave  results  at  the  other  speeds. 

The  range  of  encounter  frequencies  is  limited  by  the  capabilities  of 
the  wavemaker  system. 

The  results  for  9 knots  are  given  in  Figures  34,  35,  36,  and  37. 

These  figures  show  regular  and  transient  wave  results  plotted  together. 

The  correlation  is  excellent  and  the  scatter  is  minimal  up  to  an  encounter 
frequency,  of  8.  Beyond  this  point  the  transient  results  show  some 
scatter  but  duplicate  all  the  trends  of  the  regular  wave  results. 

The  agreement  between  the  techniques  gives  a high  level  of  confidence 
in  the  results.  Figures  36  and  37  show  the  potential  of  the  transient 
wave  techniques  for  determining  excitations.  The  data  shows  the  null 
point  at  = 7 very  clearly.  The  additional  detailed  information  from 
the  transient  wave  defines  the  phase  shift  very  closely.  The  transient 
points  at  low  frequency  in  Figure  37  indicate  that  the  pitch  moment  phase 
extrapolated  to  270°  as  was  expected,  (a  90°  lead  on  the  heave  force 
phase).  The  transient  waves  results  produced  more  infor mation  than  the 
regular  waves  in  the  time  it  took  to  do  one  or  two  discrete  frequency 
regul ar  wave  runs . 

The  12  knot  results  for  both  techniques  are  presented  in  Figures 
38-41.  The  correlation  between  the  techniques  and  the  consistency  of  the 
data  are  good  in  all  cases.  A null  point  in  pitch  exciting  moment  at 
lip  = 8 is  very  apparent.  Figures  39  and  41  indicate  that  the  scatter  in 
the  transient  data  is  not  much  greater  than  the  scatter  that  would  have 
appeared  in  the  regular  wave  data,  had  a comparable  number  of  data  points 
been  taken. 
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The  wave  excitation  data  can  be  combined  with  the  stability  deriva- 
tives in  a frequency  domain  simulation  to  provide  predictions  of  the  craft 
motions  which  are  based  on  experimental  results.  These  predictions  can 
then  be  compared  with  free  model  motion  results. 

CONCLUSIONS  AND  RECOMMENDATIONS 

1.  The  body  axes  pitching  definition  (as  employed  in  submarine  re- 
search) is  not  suitable  for  determining  the  pitch  dynamics  of  air  cushion 
supported  craft.  The  changes  in  itmersion  of  the  craft  associated  with 
this  type  of  pitching  introduce  large  variations  in  buoyancy  forces  that 
dominate  over  the  measured  quantities,  leading  to  inaccuracies  and  incon- 
s i stencies . 

2.  The  water-fixed  axes,  (inertial)  pitching  technique  that  employs 
a 180°  phase  between  the  fore  and  aft  strut  motion  (or  one  moving  piston 
and  a fixed  point  at  the  CO)  will  provide  meaningful  results  that  can 

be  converted  to  the  usual  body  axis  defined  stability  derivatives. 

3.  The  sidewalls  of  a high  length-to-beam  ratio  SES  contribute 
significantly  to  the  pitch  dynamics  but  do  not  affect  significantly  the 
heave  terms  in  the  equations  of  motion.  More  work  in  sidewall  design 
and  cushion  interaction  effects  in  the  vertical  plane  is  recommended. 

4.  The  inclusion  of  plenum  fans  in  the  XR-5  model  tends  to  make 
the  acceleration-dependent  terms  increase  in  magnitude  while  hardly 
affecting  the  rate  dependent  terms  in  heave. 

5.  Conclusions  on  the  motion  characteristics  of  the  XR-5  model 
based  on  these  results  and  any  indication  of  the  validity  of  the  results 
must  await  a simulation  effort  which  is  currently  underway. 


6.  The  transient  waves  approach  can  be  utilized  to  determine  the  wave 
excitation  forces  and  moments  over  the  entire  frequency  range  as  accurate- 
ly as  the  much  more  time  consuming  and  expensive  regular  wave  technique. 

The  force  and  moment  response  of  the  block  gages  to  the  transient  wave 
is  much  faster  than  a motion  response  would  be,  thus  the  technique  can 
be  applied  more  generally  than  the  free  model  transient  waves  technique. 

In  addition,  the  current  state-of-the-art  in  data  analysis  permits  on-car- 
riage analysis  of  the  transient  results  for  the  entire  frequency  range. 

In  light  of  these  results  and  system  improvements,  it  is  reconmended  that 
the  transient  technique  be  investigated  further  and  that  transient  oscilla- 
tion experiments,  as  developed  in  Reference  7,  also  be  investigated  as  a 
means  of  improving  the  efficiency  of  the  Navy's  experimental  techniques. 
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Figure  6 - Force  and  Moment  Components  Plotted  in  a l^orm  Suitable  for  Obtaining  Stabllltv 

Derivatives  for  Body  Axis  Pitching  Motion 
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APPENDIX  A 
(Figures  8 thru  29) 
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Fiqure  9 -Variation  of  Static  Pitch  Moment  with  Angle  of 

Attack  for  a Series  of  Speeds  and  Fan  Configurations 
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Figure  II 


- Variation  of  Out-of-Phase  heave  Force  with  Frequency 
for  Siedwalls  at  9 Knots  by  Heaving  Technique 


Frequency,  u),  in  radians/second 


Figure  13  ■ Variation  of  Out-of-Phase  Pitch  Moment  with 

Frequency  for  Sidewalls  at  S Knots  by  Heaving 
Technique 


Figure  1 ^ 


■ Variation  of  In-Phase  Heave  Force  with  Frequency 
Squared  for  Sidewalls  at  9 Knots  by  Inertial 
Pitching  Technique 
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Figure  15  ■ Variation  of  Out-of-Phase  Heave  Force  with 

Frequency  for  Sidewalls  at  9 Knots  by  Inertial 
Pitching  Technique 
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Figure  17  ■ Variaton  of  Hut -o f-Pha,se  .'itch  Monent  with 
creqiiencv  Squared  for  Sidewalls  at  a Speed 
of  ')  Knots  bv  the  Inertial  Pitching,  Technique 
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Figure  18  - Variation  of  In-Phase  Heave  Force  with  Frequency 
Squared  for  a 2-0-2  Fan  Configuration  at  a Series 
of  Speeds  by  Heaving  Technique 
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Figure  19  ■ Variation  of  Out*of-Phase  Heave  Force  with 
Frequency  for  a 2-0-2  Fan  Configuration  at 
a Series  of  Speeds  by  Heaving  Technique 
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Figure  20  - Variation  of  In-Phase  Pitch  Moment  with  Frequency 
Squared  for  a 2-0-2  Fan  Conf igurat ion  at  a Series 
of  Speeds  by  Heaving  Technique 
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Figure  22  - Variation  of  In-Phase  Heave  Force  with  Frequency 
Squared  for  a 2-0-2  Fan  Configuration  at  a Series 
of  Speeds  by  Inertial  Pitching  Technique 
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Figure  23  ■ Variation  of  Out-of-Phase  Heave  Force  with 
Frequency  for  a 2-0-2  Fan  Configuration  at 
a Series  of  Speeds  by  inertial  Pitching  Technique 
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APPENDIX  B 
(Figures  30  thru  41 ) 
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Flqure  31  ■ Variation  of  Heave  Exciting  Force  Phase  Angle  with 
Nondimensional  Encounter  Frequency  at  a Speed  of 
6 Knots  by  Transient  Wave  Technique 
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Nond imens ional  Kncounter  Frequency,  Ug 

Figure  32  ■ Variation  of  Nond Imenslonal  Pitch  Exciting  Moment  with 

Nondimenslonal  Encounter  Frequency  at  a Speed  of  6 Knots 
by  Transient  Wave  Technique 
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Figure  36  -Variation  of  Nondlmenslonal  Pitch  Exciting  Moment  with 

Nondlmenslonal  Encounter  Frequency  at  a Speed  of  9 Knots 
by  Two  Experimental  Techniques 
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Figure  AO  - Variation  of  Nond imens iona 1 Pitch  Exciting  Moment 
with  Nondlmenslonal  Encounter  Frequency  at  a Speed 
of  12  Knots  by  Two  Experimental  Techniques 
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Pitch  Phase  Angle,  5,  in  degrees 


DTNSRDC  ISSUES  THREE  TYPES  OF  REPORTS 


(1)  DTNSRDC  REPORTS,  A FORMAL  SERIES  PUBLISHING  INFORMATION  OF 
PERMANENT  TECHNICAL  VALUE,  DESIGNATED  BY  A SERIAL  REPORT  NUMBER 

(2)  DEPARTMENTAL  REPORTS,  A SEMIFORMAL  SERIES.  RECORDING  INFQRMA 
TION  OF  A PRELIMINARY  OR  TEMPORARY  NATURE,  OR  OF  LIMITED  INTEREST  OR 
SIGNIFICANCE,  CARRYING  A DEPARTMENTAL  ALPHANUMERIC  IDENTIFICATION 

13)  TECHNICAL  MEMORANDA,  AN  INFORMAL  SERIES.  USUALLY  INTERNAL 
WORKING  PAPERS  OR  DIRECT  REPORTS  TO  SPONSORS  NUMBERED  AS  TM  SERIES 
REPORTS,  NOT  FOR  GENERAL  DISTRIBUTION 


